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Abstract
Aqueous ammonia solvents that capture CO2 as ionic complexes of carbonates with ammonium 
have recently been advanced as alternatives to amine-based solvents due to their lower energy 
requirements for thermal regeneration. In ammonia based solvents, the hydration of CO2 to form 
bicarbonate may become a rate-limiting step as the CO2 loading increases and the resulting pH level 
of the solvent decreases. Variants of the enzyme carbonic anhydrase can accelerate the reversible 
hydration of CO2 to yield bicarbonate by more than 10
6-fold. The possible benefit of bovine 
carbonic anhydrase (BCA) addition to solutions of aqueous ammonia to enhance CO2 hydration was 
investigated in semi-batch reactions within continuously stirred tank reactors or in a bubble column 
gas-liquid contactor.  Adding 154 mg/liter of BCA to 2 M aqueous ammonia provided a 34.1% 
overall increase in the rate of CO2 hydration (as indicated by the production of [H+]) as the pH 
declined from 9.6 to 8.6 during sparging with a 15% CO2, 85% N2 gas at a flow rate of 3 lpm. The 
benefits of adding BCA to enhance CO2 hydration were only discernable below ~pH 9.  The 
implications of the apparent pH limitations on the utility of BCA are discussed in the context of
absorber unit operation design. Possible embodiments of carbonic anhydrase as either an 
immobilized catalyst or as a dissolved, recirculating catalyst in potential plant scale aqueous 
ammonia systems are considered as well.
© 2010 Elsevier Ltd. All rights reserved
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Initial isolation of carbon dioxide (CO2) from combustion flue gas is the most expensive component of the overall 
process of carbon separation and geologic sequestration.  Current commercial technologies for CO2 capture from 
industrial sources have typically employed amine-based chemical sorbents such as monoethanolamine (MEA), but these 
solvents have high energy requirements for thermal regeneration. Moreover, commercial, amine-based systems have 
only been used for capturing a few hundred tons of CO2 per day, whereas a typical 550 MW coal combustion power 
plant emits approximately 12,800 metric tons of CO2 per day [1]. As such, the CO2 capture systems that will be 
necessary for the mitigation of greenhouse gases at power plants will need to be much larger and much cheaper to 
reduce the cost from ~$50/ton for current MEA-based systems to the U.S. Department of Energy’s target cost of $5/ton 
of captured CO2.
The high energy requirements for regenerating MEA solvents result from the need to break the high enthalpy, covalent 
carbamate bond that forms between MEA and CO2 [2]. To address this problem, lower-enthalpy solvents such as 
aqueous ammonia that rely on ionic complexation to capture CO2 in the form of ammonium bicarbonate and ammonium 
carbonate (reactions 1-7, below) have been under development [3-8]. Although the lower heats of reaction for ionic 
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complexation in this approach require less parasitic energy from the plant for thermal regeneration, the kinetics of CO2
absorption are slower. This may be due in part the slow hydration rate of CO2 to yield bicarbonate (reactions 2 and 3), 
which has an overall first order reaction rate constant of 0.15 s-1 [2]. In nearly all living organisms, the reversible 
hydration of CO2 to yield bicarbonate is catalyzed by the enzyme carbonic anhydrase [2, 9]. Carbonic anhydrase acts by 
first binding to and hydrolyzing a water molecule to release a proton. The retained hydroxyl moiety is then used by the 
enzyme to directly hydrate CO2 to yield HCO3
-. Plants, algae, and cyanobacteria use the enzyme to concentrate CO2 to 
high levels for photosynthesis. In mammals, carbonic anhydrase reversibly interconverts CO2 and bicarbonate at rates as 
high as 106 sec-1 to facilitate blood gas transport across cell membranes, and to tightly control ammonia levels in the 
kidney [10-11]
The development of carbonic anhydrase for CO2 separation systems dates back to the mid-1960s, when the United 
States Air Force demonstrated the potential of carbonic anhydrase for regenerating the enclosed atmospheres of 
spacecraft. Graf tested the CO2 removal capacities of solutions of 1% carbonic anhydrase at 10
oC in 2.0 M Tris (an 
amine-based buffer for biochemicals), and found that this approach could be feasibly adapted for use in space with a 
high degree of safety [12]. The growing concern over greenhouse gas emissions has recently prompted the design of 
novel systems that employ carbonic anhydrase to enhance CO2 capture in liquid solvent systems [7-8, 13-17]. In 
general, these designs propose immobilizing carbonic anhydrase on reactor column packing material or membranes in 
an effort to enhance the lifetime of the enzyme in the solvent system. Carbonic anhydrase might also be deployed more 
simply, however, as an inexpensive “drop-in” catalyst that could be dissolved into solvents to enhance CO2 capture.  In 
either case, there have been to date few studies published that describe the kinetics of CO2 hydration catalyzed by 
carbonic anhydrase in the presence of high-molarity chemical sorbents such as aqueous ammonia. Accordingly, we have 
investigated the potential of dissolved carbonic anhydrase for enhancing post-combustion CO2 absorption in aqueous 
ammonia processes, which are now being tested at the pilot scale in the United States and China using conventional 
absorber/desorber temperature swing unit operations
Chemical absorption of flue gas CO2 into ammonia solvents (reactions 1-7, below) proceeds as CO2 gas is dissolved into 
the liquid, and then hydrated to yield bicarbonate ion (HCO3
-) and a proton. The bicarbonate may further speciate into 
carbonate ion (CO3
2-) at alkaline pH levels [18]. Alkaline conditions also promote the direct hydration of dissolved CO2
by hydroxyl ion (equation 4). The bicarbonate and/or carbonate formed in these ways may then ionically associate with 
NH4
+ to respectively form ammonium bicarbonate (NH4HCO3
-) or ammonium carbonate ((NH4)2CO3
-) [6, 8].
CO2(g) + H2O(l)  CO2-H2O(l) (1)
CO2-H2O(l)  H2CO3 (2)
                       H2CO3 HCO3
- + H+ (3)
CO2-H2O(l) + OH
- HCO3
- + H2O (4)
HCO3








Between pH 6.3 and pH 10.3, bicarbonate is the dominate carbonate species in water. Under such conditions, the 
hydration of dissolved CO2 into bicarbonate (reactions 2 and 3) may become the rate limiting step in this system of 
reactions. As such, the addition of dissolved carbonic anhydrase to aqueous ammonia processes within this pH range 
may be reasonably expected to catalyze the hydration of CO2, and thereby accelerate the formation of ammonium 
bicarbonate.  A bench scale study of semi-batch absorption and desorption of CO2 into 2 M aqueous ammonia [8]
indicated that the practical range of solvent pH in aqueous ammonia CO2 capture systems (such as the NETL process) 
would be expected to cycle from about 9.6 (lean solvent) to about 8.8 (rich solvent). Accordingly, we present data here 
on the comparative rates of CO2 hydration with and without bovine carbonic anhydrase (BCA) in aqueous ammonia that 
were observed within this general pH range.
MATERIALS AND METHODS
Two identical, 500 ml glass cylindrical vessels were employed side-by side as continuously stirred tank reactors 
(CSTRs) on a Sixfors fermentation control system equipped with automated pH data loggers.  Both CSTRs were filled 
with 400 ml of 4.1 M solution of NH4OH which was stirred at a rate of 1200 RPM and maintained at 25
oC for the 
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duration of the experiment.  Both vessels were sparged with 15% CO2 and 85% N2 to adjust the pH in each vessel to 9.4 
The experimental CSTR solution (BCA(+)) was amended with 380 ug of BCA from bovine erythrocytes (Sigma) and 
500 l of Clerol FBA 5074 antifoam agent that had been diluted into 15 ml of water; the control solution (BCA(-))
received only 15 ml of water and no enzyme or antifoam.  Both vessels were then sparged with 15% CO2, 85% N2 at a 
flow rate of 2 lpm until the pH in both vessels had declined from 9.4 to 8.5.
Another set of similar experiments were performed using the bench scale absorber/regenerator system shown in Figure 
1. This system was composed of two cylindrical gas-liquid contactors filled with small (ca. 1 cm) glass stones. The data 
presented here were collected in the absorber column (on the right in Figure 1), which had a height of 60 cm height and 
diameter of 6 cm.  The column was filled with 700 ml of 2 M NH4OH solution to observe the rate of CO2 hydration with 
and without the addition of 154 mg/liter of bovine BCA enzyme (Sigma) and 100 l of Clerol FBA 5074 antifoam 
agent. A gas stream composed of 15% CO2 and 85% N2 was mixed using Aalborg mass flow controllers, and then 
sparged into the bottom of the column at a rate of 3 lpm through a sintered glass air stone to create small bubbles that 
rose up through the solvent. A probe inserted into the bottom of the column recorded the change in pH levels during 
sparging. As in the CSTR experiments, our analyses were focused on the rate of CO2 hydration across a specific pH 
range, in this case from 9.6 to 8.6
RESULTS
In bench studies using identical, side-by-side stirred tank reactors, we found that adding 360 mg/liter of BCA into a 4 M 
ammonia solution sparged with 15% CO2/85% N2 gas at a rate of 2 lpm provided an overall 21.1% increase in the rate 
of CO2 hydration as the pH in the reactors dropped from 9.4 to 8.5 over the course of 26 minutes. The kinetics of CO2
hydration during these parallel, semi-batch reactions were divided into two distinct phases (Figure 2, left panel): After 
the first 10 minutes of the experiment, the pH of the BCA(-) control solution had decreased to 8.89, whereas the 
BCA(+) experimental solution had decreased to only pH 9.04. This point, however, marked an inflection in the curve of 
the BCA(-) trial where of the rate of CO2 hydration began to slow. In the remaining 15 minutes of the experiment, the 
situation was reversed: the BCA(-) solution pH decreased to 8.64, whereas the rate of CO2 hydration in the BCA(+) 
solution remained constant to yield a more relatively rapid decrease in pH to a level of 8.57. 
Experiments using 154 mg/liter of BCA in 2 M ammonia within a bubble column showed a similar pattern of results as 
with the CSTRs, with the comparative rates of CO2 hydration showing two distinct phases (Figure 2, right panel). After 
the first 20 minutes of the observation, the pH of the BCA(-) control solution had decreased from 9.6 to 9.22, whereas 
the BCA(+) solution had decreased from 9.6 to only pH 9.31. Comparison of the relative change in [H+] indicated that 
BCA(+) was 30.1% slower in hydrating CO2 than the CO(-) solution in this initial phase. In a manner similar to the 
CSTR experiment, the 20 to 30 minute interval marked a point of inflection where the rate of hydration in the BCA(-)
solution began to slow down: In the following 76 minutes the BCA(-) solution pH decreased to only 8.71, whereas CO2
hydration in the BCA(+) solution had remained constant to yield a more relatively rapid decrease in pH to a level of 
8.59.  As such, the enzyme appeared to have provided a 50.1% increase in the rate of CO2 hydration across this lower 
Figure 1. Absorber and regenerator columns (along with supporting hardware) that were used for testing the rate 
of CO2 hydration catalyzed by carbonic anhydrase in 2 M NH4OH solutions.
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pH range in the latter phase of the experiment. The overall percentage increase in the rate of CO2 hydration conferred by 
adding the enzyme to ammonia over the total 96 minute observation period was calculated to be 34.1% 
DISCUSSION
The experiments presented here provide some guidance on how carbonic anhydrase might be best used in aqueous 
ammonia to enhance CO2 absorption. In both the CSTR and bubble column contactor experiments, the primary benefit 
of the enzyme on the apparent rate of CO2 hydration appeared when the CO2 loading was high and the solvent’s pH was 
less than 8.8 or 9.0, respectively. Little advantage was seen in the use of BCA for enhanced CO2 capture at pH levels 
higher than 9.0; this is likely due to the high levels of free hydroxide ions already available at alkaline pH levels to 
directly hydrate CO2, (reaction 4) thereby obviating the role of the enzyme. Above ~pH 9, addition of the enzyme and 
necessary antifoam agent appeared to slightly retard the hydration of CO2, although it is not clear from the assumed 
reaction stoichiometry why this would be the case; one possible reason could be that changes in solvent viscosity and 
surface tension caused by addition of the enzyme and antifoam agent led to a reduction in the mass transfer rate of gas 
phase CO2 into the liquid phase.  Such complications might be avoided if the enzyme were immobilized within the 
absorber unit operation. The pH data provided here are particularly relevant to schemes for immobilizing carbonic 
anhydrase to enhance CO2 capture. In an aqueous ammonia system, the enzyme would likely be most useful if 
immobilized onto packing material in the lower portion of an absorber tower, at the point where CO2 loading has 
reduced the alkalinity of the solvent stream to less than ~pH 9.0. 
In these initial tests, BCA appeared to retain its function in high liquid ammonia concentrations (2-4 M) at room 
temperature for at least several hours. Although BCA and similar mammalian forms of carbonic anhydrase (such as 
human CA II) are among the fastest enzymes known, their use as a dissolved catalyst that would freely circulate through 
both the absorber and thermal regenerator unit operations in an actual aqueous ammonia process would be limited since 
they are known to denature at temperatures above 60oC [19], whereas the temperature required for aqueous ammonia 
regeneration has been described as ca. 65-80oC [8]. Efforts are underway by others, however, to genetically engineer the 
production of thermostable carbonic anhydrases that would be suitable for use at these higher temperatures [13, 20-21].
Production of engineered thermostable enzymes could be readily scaled up by the mature industrial biotechnology 
Figure 2. Left Panel: Change in pH levels in continuously stirred tank reactors containing 4 M NH4OH when sparged with 
15% CO2, 85% N2 gas.  Right Panel: Change pH level in 2 M NH4OH in a bench scale bubble column  containing 2 M 
NH4OH when sparged with 15% CO2, 85% N2 gas.
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sector, which is projected to account for 20% (US$310 B) of worldwide chemical sales in 2010 (Otero and Nielsen 
2010). The market price for cellulase enzymes in this sector was recently reported as $36/kg in an economic analysis of 
consumable catalyst costs for biofuel production [22]; it would therefore seem reasonable to consider this value as a 
target market price for carbonic anhydrase enzymes that could be used in bulk as dissolved catalysts. More detailed 
kinetic analyses of carbonic anhydrase kinetics using a wetted wall column are now being conducted in our laboratory. 
These studies should provide additional insights on the technical and economic feasibility of using this catalyst in 
aqueous ammonia and other solvent systems for CO2 capture at the plant scale.
ACKNOWLEDGEMENTS
This work was supported by the United States Department of Energy via the Energy Conversion Initiative within the 
Laboratory Directed Research and Development program at the Pacific Northwest National Laboratory (PNNL). PNNL 
is operated by Battelle for the US Department of Energy under contract DE-AC06-76RLO1830.
REFERENCES
1. Klara, J.M., Volume 1: Bituminous Coal and Natural Gas to Electricity, in Cost and Performance Baseline for 
Fossil Energy Plants 2007, Nation Energy Technology Laboratory, DOE.
2. Berg, J.M., J.L. Tymoczko, and L. Stryer, Biochemistry. 2002, New York: W. H. Freeman.
3. Cifnero, J.P., P. DiPietro, and T. Tarka, An Economic Scoping Study for CO2 Capture Using Aqueous 
Ammonia. 2005, National Energy Technology Laboratory.
4. Kim, Y.J., et al., Characteristics of CO2 absorption into aqueous ammonia. Separation Science and 
Technology, 2008. 43(4): p. 766-777.
5. Mani, F., M. Peruzzini, and P. Stoppioni, CO2 absorption by aqueous NH3 solutions: speciation of ammonium 
carbamate, bicarbonate and carbonate by a C-13 NMR. Green Chemistry, 2006. 8(11): p. 995-1000.
6. Rhudy, R., Chilled-Ammonia Post Combustion CO2 Capture System—Laboratory and Economic Evaluation 
Results. 2006, Electric Power Research Institute.
7. Yeh, J.T. and H.W. Pennline, Multi-component removal in flue gas by aqua ammonia, USPTO, Editor. 2007, 
United States of America Department of Energy USA.
8. Yeh, J.T., et al., Semi-batch absorption and regeneration studies for CO2 capture by aqueous ammonia. Fuel 
Processing Technology, 2005. 86(14-15): p. 1533-1546.
9. Sly, W.S. and P.Y. Hu, HUMAN CARBONIC-ANHYDRASES AND CARBONIC-ANHYDRASE 
DEFICIENCIES. Annual Review of Biochemistry, 1995. 64: p. 375-401.
10. Lindskog, S., Structure and mechanism of carbonic anhydrase. Pharmacology & Therapeutics, 1997. 74(1): p. 
1-20.
11. Tripp, B.C., K. Smith, and J.G. Ferry, Carbonic anhydrase: new insights for an ancient enzyme. J Biol Chem, 
2001. 276(52): p. 48615-8.
12. Graf, G., Regenerative Control of CO2 in Air by Carbonic Anhydrase - Final report 1 May 65-1 Apr 66 in Air 
Force contract research 615, AF336152553. 1966, YOUNGSTOWN UNIV OH DEPT OF CHEMISTRY 
13. Dilmore, R., et al., Carbonic anhydrase-facilitated CO2 absorption with polyacrylamide buffering bead 
capture. International Journal of Greenhouse Gas Control, 2009. 3(4): p. 401-410.
14. Mirjafari, P., K. Asghari, and N. Mahinpey, Investigating the application of enzyme carbonic anhydrase for 
CO2 sequestration purposes. Industrial & Engineering Chemistry Research, 2007. 46(3): p. 921-926.
15. Hamilton, T., Capturing Carbon with Enzymes, in Technology Review. 2007.
16. Dziedzic, D., et al., Feasibility study of using brine for carbon dioxide capture and storage from fixed sources.
Journal of the Air & Waste Management Association, 2006. 56(12): p. 1631-1641.
17. Cowan, R.M., et al., CO2 Capture by Means of an Enzyme-Based Reactor. Annals of the New York Academy 
of Sciences, 2003. 984(1): p. 453-469.
18. Snoeyink, V.L., Jenkins, D., Water Chemistry. 1980: Wiley.
19. Sarraf, N., A.A. Saboury, and A.A. Moosavi-Movahedi, Competitive inhibition of bovine carbonic anhydrase 
by product of estrase activity. Biophys J, 2002. 82(1): p. 438a-438a.
20. Borchert, M. and P. Saunders, Heat-Stable Carbonic Anhydrases and Their Use, USPTO, Editor. 2010, 
Novozymes A/S 
21. Bullis, K., A Cheaper Way to Catch CO2, in Technology Review. 2010.
22. Zhuang, J., et al., Economic Analysis of Cellulase Production by Clostridium thermocellum in Solid State and 
Submerged Fermentation, in University of Kentucky Agricultural Economics Staff Paper. 2004, University of 
Kentucky, Department of Agricultural Economics.
244 J.R. Collett et al. / Energy Procedia 4 (2011) 240–244
